In humans, congenital myopathy-linked tropomyosin mutations lead to skeletal muscle dysfunction, but the cellular and molecular mechanisms underlying such dysfunction remain obscure. Recent studies have suggested a unifying mechanism by which tropomyosin mutations partially inhibit thin filament activation and prevent proper formation and cycling of myosin cross-bridges, inducing force deficits at the fiber and whole-muscle levels. Here, we aimed to verify this mechanism using single membrane-permeabilized fibers from patients with three tropomyosin mutations (TPM2-null, TPM3-R167H and TPM2-E181K) and measuring a broad range of parameters. Interestingly, we identified two divergent, mutation-specific pathophysiological mechanisms. (i) The TPM2-null and TPM3-R167H mutations both decreased cooperative thin filament activation in combination with reductions in the myosin cross-bridge number and force production. The TPM3-R167H mutation also induced a concomitant reduction in thin filament length. (ii) In contrast, the TPM2-E181K mutation increased thin filament activation, cross-bridge binding and force generation. In the former mechanism, modulating thin filament activation by administering troponin activators (CK-1909178 and EMD 57033) to single membrane-permeabilized fibers carrying tropomyosin mutations rescued the thin filament activation defect associated with the pathophysiology. Therefore, administration of troponin activators may constitute a promising therapeutic approach in the future.
INTRODUCTION
Sarcomeres, the fundamental contractile units of skeletal muscle, are sophisticated macromolecular complexes composed of interdigitating thick filaments and thin filaments. Skeletal muscle thin filaments are copolymers of actin subunits, tropomyosin/troponin regulatory complexes, nebulin stabilizing molecules and CapZ and tropomodulin (Tmod) capping molecules. A key feature of skeletal muscle contraction and force generation is thin filament activation. According to the steric model of thin filament regulation (1), activation involves various thin filament states and protein movements initiated by Ca 2+ binding, which provokes the opening of the hydrophobic pocket of troponin C and induces the movement of troponin I toward the hydrophobic pocket, relieving the inhibition of tropomyosin and actin. Tropomyosin can then move toward the inner domain of the thin filament, exposing sites on actin that allow weak binding of myosin crossbridges (displacement from the B-to C-state, with both * To whom correspondence should be addressed at: Department of Neuroscience, Clinical Neurophysiology, Uppsala University Hospital, Entrance 85, 3rd floor, Uppsala SE-751 85, Sweden. Tel: +46 186112975; Fax: +46 18556106; Email: julien.ochala@neuro.uu.se considered to be 'off' states). The weak-to-strong transition induces additional tropomyosin movement (to the M-state, known as the 'on' state), exposing more sites on the thin filament, permitting additional binding of myosin cross-bridges and, ultimately, leading to muscle shortening and steady-state force production.
Thin filament activation and skeletal muscle contraction are deregulated in nemaline myopathy (NM) (2 -4) . NM is one of the most common congenital myopathies, with an estimated incidence of 1:50 000 (2). The clinical spectrum of NM ranges from severe cases with antenatal or neonatal onset and early death to adult-onset cases with slow progression (5) . The classical form of NM is defined by weakness with limb, facial, masticatory and respiratory muscle involvement (5) . Notably, NM is characterized by mutations in the TPM2 and TPM3 genes, which encode b-and g-tropomyosin, respectively (2, 6) . Recent studies have shown that certain band g-tropomyosin mutants act as 'poison' proteins in skeletal muscle by partially inhibiting thin filament activation (3, 7) and preventing proper formation and cycling of myosin crossbridges (3, 4) . This triggers a deficit in force-generating capacity at the fiber level and contributes to generalized skeletal muscle weakness (3, 4, 7) . Here, we aimed to verify such molecular and cellular events in skeletal muscle harboring three TPM2 and TPM3 mutations (TPM2-null, TPM3-R167H and TPM2-E181K). Hence, we used skinned human skeletal muscle fibers and subjected these fibers to a broad range of functional and structural assays. Our findings demonstrate that congenital myopathy-causing tropomyosin mutations induce contractile pathophysiology via two distinct mechanisms, which are specified in a mutation-specific manner. Specifically, the TPM2-null and TPM3-R167H mutations decreased cooperative thin filament activation with simultaneous reductions in myosin cross-bridge number and force production. In contrast, the TPM2-E181K mutation increased thin filament activation, cross-bridge binding and force generation.
In addition to well-regulated thin filament activation, correct thin filament length specification is essential for skeletal muscle function and may be perturbed in NM. The giant protein nebulin coextends with actin along 0.9-1.0 mm of the length of skeletal muscle thin filaments, while a nebulinfree, Tmod-capped pointed-end extension specifies musclespecific thin filament lengths beyond the N-terminal M1M2M3 domain of nebulin in chicken, mouse, rabbit and human muscles (8 -11) . Indeed, it has been shown that NM-causing nebulin mutations, in addition to altering thin filament activation, can also destabilize thin filaments, leading to shorter thin filament length and a leftward shift and narrowing of the force-sarcomere length curve (12) . To date, tropomyosin mutations have not been found to affect thin filament lengths in striated muscle sarcomeres, despite the well-known role for tropomyosin in stabilizing actin filaments in vitro (13, 14) . However, the nebulin-free actin filament comprising the pointed-end extension is associated with tropomyosin, indicating that tropomyosin may play a role in stabilizing this portion of the thin filament and specifying muscle-specific thin filament lengths independently of nebulin. Therefore, we used distributed deconvolution (DDecon), a high-resolution immunofluorescence and computational image analysis technique, to test whether the TPM2-null, TPM3-R167H and TPM2-E181K mutations might lead to thin filament shortening by destabilizing the thin filament pointed-end extension. While skeletal muscle fibers harboring the TPM2-null and TPM2-E181K mutations had normal thin filament lengths, TPM3-R167H muscle displayed abnormally short thin filaments, which adversely impacted myosin cross-bridge formation and force production at long sarcomere lengths. Hence, thin filament shortening represents a novel mechanism underlying the development of tropomyosin-based congenital myopathy.
To date, no efficient therapeutic intervention for NM has been discovered. As thin filament dysfunction appears to play a key role in NM (2 -4), modulating thin filament activation may restore skeletal muscle contractility. Existing pharmacological drugs such as troponin activators may act accordingly, as they facilitate the response of the thin filament to Ca 2+ binding in striated muscle (15, 16) in response to various disease states (16, 17) . To confirm this, we utilized skinned human skeletal muscle fibers and tested the effects of troponin activators (CK-1909178 and EMD 57033) in the presence of two of the aforementioned NM-causing tropomyosin mutations (TPM2-null and TPM3-R167H). Importantly, we prove that most of the NM-related physiological alterations are reversed via the administration of troponin activators. Taken together, the studies described here highlight diverse pathophysiological mechanisms that lead to thin filament dysfunction in tropomyosin-based NM and introduce one novel therapeutic strategy for reversing the contractile symptoms of NM.
RESULTS

Divergent effects of tropomyosin mutations on skeletal muscle contractility
A host of studies have demonstrated that NM-associated mutations in genes encoding thin filament structural proteinsincluding tropomyosin-alter cross-bridge cycling kinetics and skeletal muscle contractility (3, 4, 12, (18) (19) (20) . Therefore, we examined the effects of the TPM2-null, TPM3-R167H and TPM2-E181K mutations on the contractile properties of isolated muscle fibers. For TPM3-R167H and TPM2-E181K, because of a predominance of fibers expressing the type I Myosin heavy-chain (MyHC) isoform (21) , most of the analyses were confined to this type of fibers (Fig. 1) . For TPM2-null, given the small numbers of hybrid (type I/IIa and type IIa/IIx) and pure type IIx fibers, comparisons were restricted to fibers expressing type I and type IIa MyHC (Fig. 1) .
At saturating [Ca 2+ ] (pCa 4.50) and optimal sarcomere length (between 2.60 and 2.80 mm), steady-state isometric force production was not different among TPM2-null, TPM3-R167H, TPM2-E181K and control (CTL) fibers (Fig. 2) . Nevertheless, at a higher sarcomere length (3.20 mm), force production was significantly lower in TPM3-R167H fibers when compared with TPM2-null, TPM2-E181K and CTL fibers (Fig. 3) . To investigate the effects of these mutations on force production at non-saturating [Ca 2+ ], relative force-pCa relationships (pCa between 6.30 and 4.50; sarcomere length between 2.6 and 2.8 mm) were constructed (Fig. 4A ). These data were fitted using the following sigmoid Hill equation: To obtain additional insights into the physiological mechanisms that produce these observed changes in contractility and evaluate the contribution of the number of strongly bound myosin cross-bridges in such impairment, stiffness measurements were performed, and relative stiffness-pCa curves were constructed (Fig. 4B) . Fiber stiffness at non-saturating [Ca 2+ ] (pCa between 6.30 and 4.50; sarcomere length between 2.6 and 2.8 mm) followed the same trend as force. Thus, the Ca 2+ sensitivity of stiffness was significantly lower in TPM2-null and TPM3-R167H fibers but higher in TPM2-E181K fibers when compared with CTL fibers ( Table 1 ). Note that the relative stiffness-relative force relationships did not reveal any differences among TPM2-null, TPM3-R167H, TPM2-E181K and CTL fibers (Fig. 4C) .
In addition to measuring force and stiffness, we calculated the rate of force development (k tr ) in order to assess whether the TPM2-null, TPM3-R167H and TPM2-E181K mutations affect the kinetics of force generation. At saturating [Ca 2+ ] (pCa 4.50) and optimal sarcomere length (between 2.60 and 2.80 mm), k tr was significantly lower in TPM3-R167H and TPM2-E181K fibers when compared with CTL and TPM2-null fibers (Fig. 5A ). At such [Ca 2+ ], k tr reflects the myosin cross-bridge cycling turnover rate and, according to the two-state cross-bridge model, is proportional to f app + g app , where f app is the rate constant for attachment and g app is the rate constant for detachment (22, 23) . To evaluate the effects of the TPM2-null, TPM3-R167H and TPM2-E181K mutations at submaximal [Ca 2+ ], relative k tr -pCa curves (pCa between 6.30 and 4.50; sarcomere length between 2.6 and 2.8 mm) were constructed (Fig. 5B) . These relative k trpCa curves revealed elevated relative k tr values for TPM2-null and TPM3-R167H fibers at pCa 6.30 and 5.90 when compared with TPM2-E181K and CTL fibers (Fig. 5B ). At these [Ca 2+ ] values, k tr does not solely depend on cross-bridge kinetics; it also depends on the level of thin filament activation and cooperative mechanisms (24, 25) . To distinguish between these possibilities, N-ethylmaleimide (NEM)-S1, a strongly binding analog of myosin subfragment-1 that does not generate force but activates the thin filament and traps it in an open conformation, was employed (26) . To avoid any binding competition between the compound and actual myosin cross-bridges that would deteriorate steady-state force, we used a suboptimal concentration of 3 mM NEM-S1. This concentration of NEM-S1 modified the relative k tr -pCa relationships of TPM2-null, TPM3-R167H, TPM2-E181K and CTL fibers in a similar manner (Fig. 5C ). This demonstrates that perturbations at the level of thin filament activation and cooperative mechanisms are likely to explain the elevated relative k tr at pCa 6.30 and 5.90 in TPM2-null and TPM3-R167H fibers.
An important consideration in the aforementioned experiments is that the contractile modifications induced by the TPM2-null, TPM3-R167H and TPM2-E181K mutations may simply be secondary phenotypes caused by altered myofibrillar protein levels secondary to tropomyosin haploinsufficiency. However, this is unlikely, as measurements of protein levels using 12% SDS-PAGE revealed no changes in relative myosin, actin and tropomyosin content in TPM2-null, TPM3-R167H and TPM2-E181K fibers, with the exception of compensatory tropomyosin isoform up-regulation in TPM2-null fibers (Fig. 6 ). Therefore, altered myofibrillar protein content does not account for the contractile changes that occur in fiber harboring the TPM2-null, TPM3-R167H and TPM2-E181K mutations.
Reduced thin filament length in TPM3-R167H fibers
Previous studies have demonstrated that, in a subset of NM patients (specifically, those harboring nebulin mutations), muscle weakness is partly due to thin filament instability and resultant thin filament depolymerization and shortening, which alter the shape of the force -sarcomere length relationship (12) . To test whether the TPM2-null, TPM3-R167H and TPM2-E181K mutations also affect thin filament lengths, we used immunofluorescence staining and DDecon analysis to measure thin filament lengths based on Tmod4 localization with respect to the Z-line as well as the position of the N-terminal M1M2M3 domain of nebulin. In both CTL and mutant fiber bundles, the architecture of the myofibrillar lattice was well-preserved, as indicated by regular striated arrays of F-actin and a-actinin (Fig. 7A) . In CTL fiber bundles, thin filament lengths ranged from 1.26 + 0.05 to 1.38 + 0.07 mm (Table 2) , consistent with the inter-individual and inter-muscle heterogeneity of thin filament lengths reported previously (9) . The TPM2-null and TPM2-E181K fiber bundles had thin filament lengths that were similar to CTL bundles, but the TPM3-E167H fiber bundle displayed a markedly shorter thin filament length of 1.03 + 0.08 mm ( Fig. 7B and C; Table 2 ). In contrast, the position of the nebulin M1M2M3 domain with respect to the Z-line was relatively uniform across the CTL and mutant fiber bundles, ranging from 0.90 + 0.05 to 0.99 + 0.05 mm (Table 2) , consistent with previous measurements in human muscles (9) . Therefore, the TPM3-E167H mutation did not affect the length of the nebulin-stabilized core region of the thin filament. Instead, the TPM3-E167H mutation reduced the length of the nebulin-free, Tmod-capped pointed-end extension (8 -10) . We conclude that the TPM3-E167H mutation prevents thin filament pointed-end extensions from achieving their appropriate in vivo lengths, either by inhibiting actin monomer addition or by enhancing actin depolymerization at thin filament pointed ends.
Administration of troponin activators reverses contractile dysfunction
Because abnormal thin filament activation appears to be a unifying mechanism underlying skeletal muscle weakness in NM (3, 4, (18) (19) (20) 27) , we speculated that modulating thin filament activation might rescue the aberrant contractile properties of muscle fibers harboring NM-causing tropomyosin mutations.
To test this, we used troponin activators, which are known to enhance the thin filament response to Ca 2+ binding in striated muscle (15, 16) under a wide spectrum of disease states (16, 17) . Two pharmacological drugs were selected: EMD 57033, which is known to be efficient in cardiac cells and fibers expressing type I MyHC (15, 28) , and CK-1909178, which is active in fibers expressing type II MyHC isoforms (16) . In the presence of 30 mM EMD 57033, in fibers expressing type I MyHC, the Ca 2+ sensitivities of force production and stiffness were significantly increased in TPM2-null, TPM3-R167H and CTL fibers (Table 1) . Similarly, with 30 mM CK-1909178, in fibers expressing type IIa MyHC, the Ca 2+ sensitivities of force and stiffness were significantly enhanced in TPM2-null and CTL fibers (Table 1) . Based on these observations, troponin activators appear to be capable of rescuing most of the pathological contractile phenotype of TPM2-null and TPM3-R167H muscle fibers.
DISCUSSION
Tropomyosin mutations associated with congenital myopathy alter skeletal muscle contractile function, but, unlike initially thought, the underlying mechanisms are variable and mutation-specific. The TPM3-R167H and TPM2-null mutations severely reduce the proportion of strong myosin crossbridges bound to actin filaments at submaximal [Ca 2+ ], and subsequently dramatically depress force production at nonsaturating [Ca 2+ ], as attested by the changes in the Ca 2+ sensitivities of stiffness and force and by the preserved relative stiffness-relative force relationships (Fig. 4) . In contrast, the TPM2-E181K mutation has opposite effects and enhances the sensitivities of force and stiffness to [Ca 2+ ] (Fig. 4) . Hence, this particular defect facilitates strong myosin crossbridge binding and resultant force generation at non-saturating [Ca 2+ ]. How do various congenital myopathy-related tropomyosin mutations result in distinct effects on thin filament activation, cross-bridge number and force production?
The single amino acid substitution in TPM3-R167H does not produce a major charge modification and is located in the outer domain of the protein strand, in the 'f' position of , relative k tr was significantly higher for TPM3-R167H and TPM2-null when compared with TPM2-E181K and CTL. In the presence of 3 mM of NEM-S1 (C), the elevated relative k tr returned to normal values. In the figure, asterisk indicates a significant difference when compared with CTL (P , 0.05).
the heptad repeat. Therefore, it is unlikely that the defect disrupts the coiled-coil dimeric structure of tropomyosin by modifying the chain-chain interaction between the two strands. Similarly, considering that the nearest troponin complexanchoring region is 23 residues away from the TPM3-R167H mutation (29), a change in tropomyosin's affinity for troponin T is unlikely. Nevertheless, the defect may locally disrupt binding to actin's amino acid residues, altering tropomyosin stability and flexibility (30) (31) (32) . This would affect thin filament activation by modifying the equilibria governing the transitions among the B-, C-and M-states in favor of tropomyosin's 'off' states (1). More specifically, it would be expected to disrupt cooperative thin filament activation (25) . Hence, fewer myosin cross-bridge binding sites are exposed on the thin filaments, and fewer myosin cross-bridges can be formed in the strong binding state, limiting force production at submaximal [Ca 2+ ]. While NM-causing nebulin mutations have been shown to reduce thin filament length (12) , this study is the first to demonstrate that a specific NM-causing tropomyosin mutation (TPM3-R167H) can also reduce thin filament length (from 1.26-1.38 mm in CTL, TPM2-null and TPM2-E181K myofibrils down to 1.03 mm in TPM3-R167H myofibrils), specifically by shortening the nebulin-free, Tmod-capped extension at the pointed end of the thin filament (Fig. 7) . This length change is functionally relevant, as thin filament shortening depresses force development at long sarcomere lengths (9, 12, (33) (34) (35) . Indeed, our experimental force-sarcomere length curves for CTL and TPM3-R167H fibers demonstrate depressed force generation at long sarcomere lengths in TPM3-R167H fibers (Fig. 3) . Moreover, reduced thin filament length in TPM3-R167H myofibrils may account for observed changes in thin filament activation in TPM3-R167H fibers, as shorter thin filaments have proportionally fewer sites available for binding of myosin heads during actomyosin cross-bridge cycling. However, this proposed relationship between thin filament length and thin filament activation remains to be experimentally validated.
It should be noticed that, here, we used DDecon to measure thin filament lengths. DDecon is a quantitative, superresolution microscopy technique that enables length measurements to be made with a precision of up to 10-20 nm (36) which is well beyond the limits of conventional line-scan analysis of confocal images. Thus, by extensively sampling myofibrils throughout the muscle biopsy specimens, we were able to apply DDecon to detect subtle thin filament length changes that were not detectable in another study of TPM3-R167H using conventional image analysis methods (4) .
What might be the mechanism underlying the shorter thin filament lengths in the TPM3-R167H mutant but not in the 
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other mutants? Tropomyosin isoforms are known to reduce actin subunit off rates from actin filament pointed ends, with their efficacies related to the relative affinity of each tropomyosin isoform for binding along the actin filament (13, 14) . Weaker binding of TPM3-R167H to actin (see above) would therefore be expected to be associated with an increased rate of actin subunit loss from filament ends, leading to shorter filaments. Future studies comparing the binding of the TPM3-R167H and the TPM2-E181K mutant proteins to actin filaments, and their effects on actin elongation and depolymerization rates, will help address this mechanism. Tropomyosins can also mechanically stabilize/stiffen actin filaments (37, 38) and, via such a mechanism, are likely to be involved in protecting actin filaments from disassembly by myosin activity during force-generating ATPase cycles (39). Thus, altered or weaker binding of the TPM3-R167H mutant to actin could mechanically destabilize the filament, leading to filament breakage and/or depolymerization during muscle contraction. Notably, the length of the proximal, nebulin-associated portion of the thin filament remained unchanged in the TPM3-R167H mutant, which is consistent with nebulin's role in mechanically and chemically stabilizing a 0.9-1.0-mm-long core of the thin filament (8, 11, (40) (41) (42) . In the case of the TPM2-null mutation, the observed molecular and cellular dysfunction is undoubtedly related to the lack of b-tropomyosin that results in overexpression of the Figure 7 . Immunofluorescence microscopy of skeletal muscle thin filament components. (A) Longitudinal cryosections of skeletal muscle fiber bundles from CTL subjects and TPM2-null, TPM3-R167H and TPM2-E181K patients were phalloidin-stained for F-actin, immunostained for Tmod4 to visualize thin filament pointed ends and immunostained for a-actinin to visualize Z-lines. (B) Higher-magnification views of CTL and TPM3-R167H bundles qualitatively suggest that modest thin filament shortening in TPM3-R167H bundles, as evidenced by slightly wider F-actin-free gaps (H-zones) spanning Tmod4 doublets even when sarcomere length and as determined by the distance between successive a-actinin striations, is held constant. (C) Immunostaining for the nebulin M1M2M3 domain reveals no overt changes in the position of the nebulin M1M2M3 domain in TPM3-R167H fiber bundles. Both thin filament length and the position of the nebulin M1M2M3 domain were quantified using DDecon (Table 2 ). Bars, 3 mm. Yellow brackets indicate thin filament arrays between F-actin-free H-zones. g-and a-tropomyosin isoforms (43) . Even though these three tropomyosin isoforms share a large number of residues (86 -91%) (44), some differences exist throughout the tropomyosin molecule. The replacement of b-by g-tropomyosin may induce local electrostatic changes, destabilizing cooperative thin filament activation. It may also increase the probability of tropomyosin existing in its 'off' states, lowering the number of recruited myosin cross-bridges and subsequent force generation at submaximal [Ca 2+ ]. This is consistent with previous experiments in b-and g-tropomyosinoverexpressing mouse hearts (45-47) and detergent-extracted fiber bundles, which exhibit increases and decreases, respectively, in the Ca 2+ sensitivity of force (45 -47) . In the present study, the replacement of b-by a-tropomyosin may also be detrimental for thin filament activation. Indeed, biophysical studies have demonstrated that b-and a-tropomyosin exhibit differences in their preferred position on the thin filament, with a-tropomyosin located further in the outer domain of the actin filament and, thus, further from an activated position (48) .
Like the TPM3-R167H mutation, the TPM2-E181K mutation is positioned in the 'f' position of tropomyosin heptad repeat; consequently, it may not directly modify tropomyosin's chain -chain interactions. However, the single amino acid replacement has a net charge change. Moreover, as this particular mutation is located close to one of the two troponin T-binding areas (29) and directly binds to actin filaments (31) , it may perturb propagation of Ca 2+ signals along the thin filament, disrupting the equilibria among the B-, C-and M-states in favor of tropomyosin's 'on' state (1). Thus, the TPM2-E181K mutation facilitates thin filament cooperative activation and myosin cross-bridge attachment to actin monomers, promoting force generation at submaximal [Ca 2+ ]. Such facilitation has been previously reported for the hypertrophic cardiomyopathy-linked E180G a-tropomyosin mutation (49) (50) (51) . The fact that the TPM2-E181K mutation enhances force production at the skinned single-fiber level is unlikely to explain skeletal muscle weakness in the patient but the hyper-contraction may well provoke the observed joint contractures, stiffness and arthrogryposis. Other phenomena prior to Ca 2+ binding to the thin filament (i.e. from neural drive to excitation -contraction coupling and Ca 2+ handling) may be involved in the development of muscle weakness. In contrast, contractile dysfunction due to the TPM2-null and TPM3-R167H mutations may very well contribute to muscle weakness. Indeed, skeletal muscles are often submaximally activated in vivo. Therefore, the ability to respond to submaximal [Ca 2+ ] is of great importance. In skeletal muscle harboring the TPM3-R167H and TPM2-null mutations, a higher [Ca 2+ ] is required to activate the muscle cells at the same level as CTLs (16, 28) . One may suggest that this leads to an increased sarcoplasmic reticulum Ca 2+ -ATPase (SERCA) activity at the single-fiber and whole-muscle levels, decreasing the overall efficiency of contraction (52) . Further experiments supporting this particular point are needed.
Seeking potential therapeutic interventions to rescue the reduced strong myosin cross-bridge number at submaximal [Ca 2+ ] and subsequent lack of force generation in tropomyosin-related NM is clinically relevant. Here, we successfully modified thin filament activation via the use of troponin activators that are known to resolve similar problems in cardiac muscle (15, 53) . EMD 57033 is notably active in fibers expressing the type I MyHC isoform, whereas CK-1909178 is efficient in cells carrying the type II MyHC isoform. According to NMR and solution studies, EMD 57033 binds to the cardiac/slow skeletal troponin C isoform, whereas CK-1909178 attaches to the fast skeletal isoform of the same protein (16, 54, 55) . During contraction, both promote troponin I displacement toward troponin C and favor thin filament protein movement toward the M-state (open state). Here, despite tropomyosin mutations, when the compounds are applied (30 mM), we observed the complete restoration of strong myosin cross-bridge binding to actin filaments at submaximal [Ca 2+ ], leading to normal Ca 2+ sensitivity of force production in both TPM3-R167H and TPM2-null skeletal muscle fibers. Consequently, tropomyosin defects and the subsequent movement blockade toward the M-state can be fully repaired. Hence, targeting thin filament activation as therapeutic approach appears relevant for these mutations and may be warranted in the future. However, certain limitations exist. As stated above, EMD 57033 binds to the troponin C isoform present in cardiac muscle and may produce unwanted side effects on the heart. CK-1909178 may overcome this by binding to the fast skeletal isoform of the same protein. Nevertheless, in some patients with NM and other neuromuscular diseases, skeletal muscle fibers expressing the type I MyHC isoform are predominant, and type II fibers are scarce. Therefore, considerable work remains to be done regarding this class of compounds.
In conclusion, in this study, we addressed the functional effects of three tropomyosin mutations. Two of these mutations (TPM2-null and TPM3-R167H) reduce the number of strongly bound myosin cross-bridges at submaximal [Ca 2+ ], inducing a dramatic decrease in the Ca 2+ sensitivity of force, adversely affecting contractile function. The TPM3-R167H mutation also induces a concomitant and substantial reduction in thin filament length, which may partially contribute to the reduction in numbers of strongly bound myosin crossbridges. In contrast, the TPM2-E181K mutation induces an entirely different mechanism of muscle dysfunction, as it facilitates cross-bridge binding and force production at non-saturating [Ca 2+ ]. Modulating thin filament activation in TPM2-null and TPM3-R167H skeletal muscle via the use of troponin activators reverses most of these impairments, suggesting that the administration of troponin activators may constitute a promising therapeutic approach to minimize generalized skeletal muscle weakness in NM.
MATERIALS AND METHODS
Subjects
This study involved patients carrying three different tropomyosin mutations termed TPM2-null, TPM3-R167H and TPM2-E181K (Table 3) . The clinical histories, muscle morphologies and genotype analyses of two of these patients have been described in detail elsewhere (21, 43, 56) . Seven healthy subjects (Table 3 ) with no history of neuromuscular disease served as CTLs. Informed consents were obtained from the patients and CTL subjects enrolled in this study. A local ethics committee at Uppsala University approved the protocol,
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and the experiments were carried out according to the guidelines of the Declaration of Helsinki.
Muscle biopsies and fiber treatment
For the patients, open muscle biopsies of the deltoid muscle or lateral gastrocnemius muscle were performed under anesthesia. For the CTLs, percutaneous conchotome muscle biopsy specimens were obtained from the tibialis anterior or vastus lateralis muscles, also under anesthesia. The biopsy specimens were placed in relaxing solution at 48C. Bundles of 50 fibers were dissected free and then tied to glass capillary tubes at slightly stretched lengths using surgical silk. Fiber bundles were then treated with skinning solution (relaxing solution containing glycerol; 50:50 v/v) for 24 h at 48C, after which they were transferred to 2208C. In addition, fiber bundles were treated with sucrose, a cryoprotectant, within 1 -2 weeks for long-term storage (57) . Fiber bundles were detached from the capillary tubes and snap-frozen in liquid nitrogenchilled propane and stored at 21608C.
Solutions
Relaxing and activating solutions contained (in mM) ]). The apparent stability constants for Ca 2+ -EGTA were corrected for temperature (158C) and ionic strength (180 mM). The computer program by Fabiato (58) was used to calculate the concentrations of each metal, ligand and metal -ligand complex. Troponin activators were CK-1909178 and EMD 57033, prepared as 10 mM stock solutions in DMSO and diluted in relaxing solution to obtain a final CK-1909178 or EMD 57033 concentration of 30 mM and DMSO concentration of 0.3% (v/v). CTL solutions were prepared with an equivalent volume of DMSO, which had no effect on fiber function.
Preparation and use of NEM-S1
Myosin S1 was purified from rabbit fast-twitch skeletal muscle and modified with NEM, as described previously (26) . A stock solution of NEM-S1 (30 mM) was prepared by overnight dialysis against a solution of 20 mM imidazole, pH 7.0, and 1 mM DTT. A working solution of NEM-S1 (15 mM) was prepared immediately before use by mixing equal volumes of 2× stock of pCa 9.0 and NEM-S1 stock. The final concentration of NEM-S1 was adjusted by adding the appropriate amount of 1× pCa 9.00 solutions. Before activation, each fiber was first incubated for 15 min at 158C in the solution of pCa 9.00 containing 3 mM NEM-S1. It was subsequently transferred to pre-activating solution for 1 min and then into activating solutions of varying pCa (i.e. pCa 6.30 -4.50) without NEM-S1. After each activation, the fiber was returned to solution of pCa 9.00 containing NEM-S1. Thus, the fiber was incubated in NEM-S1-free solutions for no more than 2 min, during which time negligible amounts of NEM-S1 would be debound (26) .
Fiber functional analyses
On the day of the experiment, fiber bundles were de-sucrosed and transferred to relaxing solution, and single fibers were dissected. A 1 -2-mm-long fiber segment was placed between connectors leading to a force transducer (model 400A, Aurora Scientific) and a lever arm system (model 308B, Aurora Scientific) (59, 60) . The two ends of the fiber segment were tightly attached to the connectors, as described previously (59) . Sarcomere length was controlled using a highspeed video analysis system (model 901A HVSL, Aurora Scientific). Prior to the mechanical experiments, fiber diameter and depth were measured through a microscope (320× magnification) using an image analysis system. Cross-sectional area In addition to force measurements, stiffness calculations were performed. Once steady-state isometric force was attained, small-amplitude sinusoidal length changes (DL, +0.2% of fiber length) were applied to one end of the fiber at 500 Hz (61) . The resultant force response (DF) was measured, and the means of 20 consecutive DL and DF readings were used to determine stiffness. The fiber stiffness was calculated as the difference between the stiffness in the activating solutions and the resting stiffness measured in the same segment in the relaxing solution. Fiber stiffness was calculated as follows (62):
As with the force measurements, stiffness was measured in solutions with various pCa's (from 9.00 to 4.50). The rate of force development was also estimated. Once steady-state isometric force was reached at various pCa's (from 9.00 to 4.50), a slack by 20% of the original fiber length was introduced within 1 -2 ms at one end of the fiber, resulting in a rapid reduction of force to near zero. This was followed by a brief period of unloaded shortening (20 ms), after which the preparation was quickly restretched to its original length and the force recovered to its original steady-state value. As described previously (23) , the apparent rate constant of force redevelopment (k tr ) was estimated by linear transformation of the half-time of force redevelopment (t 1/2 ) as follows (63) :
For all the above measurements, strict acceptance criteria were applied. A fiber was included in the analyses only if (i) the sarcomere length of the fiber changed by ,0.10 mm between relaxation and maximum activation, and (ii) maximal force changed by ,10% between the initial and final activation. To avoid any age-, sex-or biopsy-related effects, for each individual parameter (force, stiffness, ktr, myosin to actin ratio), we compared data from the patients with pooled values of at least five different CTL subjects (with distinct sex, age and biopsy location).
Measurement of protein levels
After the mechanical measurements, each fiber was placed in urea buffer in a plastic microcentrifuge tube and stored at 21608C. MyHC isoform composition was determined by 6% SDS -PAGE. The acrylamide concentration (w/v) was 4% in the stacking gel and 6% in the resolving gel, and the gel matrix included 30% glycerol. Sample loads were kept small (equivalent to 0.05 mM of fiber segment) to improve the resolution of the MyHC bands (types I, IIa and IIx). Electrophoresis was performed at 120 V for 24 h with a Trisglycine electrode buffer (pH 8.3) at 158C (SE 600 vertical slab gel unit, Hoefer Scientific Instruments). The gels were silver-stained and subsequently scanned in a soft laser densitometer (Molecular Dynamics) with a high spatial resolution (50-mm pixel spacing) and 4096 optical density levels. In addition, MyHC, actin and tropomyosin isoform contents were quantified by 12% SDS -PAGE. The acrylamide concentration (w/v) was 4% in the stacking gel and 12% in the resolving gel, and the gel matrix included 10% glycerol. The gels were stained with Coomassie blue. The relative protein contents were then calculated from the densitometric scans (see above).
Immunofluorescence staining and confocal imaging
Methods for tissue processing, immunostaining and imaging of human skeletal muscle fiber bundles were adapted from those described previously (9) . Cryoprotected fiber bundles were shipped from Uppsala University (Uppsala, Sweden) to The Scripps Research Institute (La Jolla, CA, USA) on dry ice via 2-day delivery and stored at 2808C until use. Bundles were thawed in ice-cold relaxing solution, stretched to resolve Tmod doublets at the pointed ends of thin filaments that extend from neighboring Z-lines, secured onto wooden dowels using 3-0 silk sutures and immersed in ice-cold fixation solution (relaxing solution containing 4% paraformaldehyde). Fiber bundles were fixed overnight at 48C, re-cryoprotected in 30% sucrose followed by 60% sucrose in relaxing solution, embedded in OCT medium, frozen on a metal block chilled in liquid N 2 and sectioned into 12-mm-thick cryosections. Sections were mounted on slides and stored at 2208C for up to 2 weeks.
For immunostaining, sections were washed for 20 min in PBS + 0.1% Triton X-100 (PBST), permeabilized for 20 min in PBS + 0.3% Triton X-100 and blocked overnight at 48C in 4% BSA + 1% goat serum in PBST. Sections were labeled with the following primary antibodies diluted in blocking solution overnight at 48C: mouse monoclonal anti-aactinin (EA53, 1:100; Sigma-Aldrich, St. Louis, MO, USA) and either a rabbit polyclonal antiserum to chicken Tmod4 pre-adsorbed by passage through a Tmod1 Sepharose column (R3577bl3c, 1:25) (10) or an affinity-purified rabbit polyclonal antibody to the nebulin M1M2M3 domain (R1357L, 9.3 mg/ml). After washing in PBST, sections were labeled with Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:200, Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 647-conjugated goat anti-mouse IgG (1:200, Invitrogen) in blocking buffer for 2 h at room temperature. The secondary antibody mixture was supplemented with rhodamine phalloidin (1:100, Invitrogen) to stain F-actin. Tissues were then washed again in PBST, preserved in Gel/Mount TM aqueous mounting medium (Sigma-Aldrich) and cover-slipped. Images of single optical sections were collected on a BioRad Radiance 2100 laser-scanning confocal microscope mounted on a Nikon TE2000-U microscope using a 100×/ 1.4 NA-oil objective lens (zoom 3). Image sampling was performed randomly throughout the entire longitudinal view of 
Distributed deconvolution
DDecon is a super-resolution light microscopy technique that computes thin filament lengths with a precision of 10-20 nm by directly measuring the peak positions of fluorescently labeled Tmod1 or Tmod4 with respect to a-actinin at the Z-line, from line scans of fluorescence intensities along myofibrils (36) . Both Tmod1 and Tmod4 cap the pointed ends of the thin filaments in mammalian skeletal muscle and serve as faithful markers for the thin filament pointed ends at the H-zone periphery (9, 10, 64, 65) . In this study, we measured thin filament lengths based only on Tmod4 localization, as previous DDecon-based analyses have not observed systematic differences in average thin filament lengths based on Tmod1 versus Tmod4 localization (9, 10) . We also used DDecon to measure the position of the N-terminal M1M2M3 domain of nebulin, which is located slightly proximal to the Z-line with respect to Tmod4 at the thin filament pointed ends (8 -10) . These applications of DDecon were previously validated for use in immunostained cryosections of human skeletal muscle fiber bundles (9) . Each DDecon analysis was performed on a skeletal muscle fiber bundle and reflects the average thin filament length within the bundle, regardless of the bundle's fiber type composition. Average thin filament length thus incorporates contributions from both type I and type II fibers, which have longer and shorter thin filament lengths, respectively (9) . In this study, we used a DDecon plugin for ImageJ that generates the best fit of a model intensity distribution function for a given thin filament component (Tmod4, nebulin M1M2M3 domain) to an experimental one-dimensional myofibril fluorescence intensity profile (line scan) obtained for each fluorescent probe (anti-Tmod4, anti-nebulin M1M2M3) (36) . Each probe-specific model distribution is applied to a line scan of three thin filament arrays along an individual myofibril to calculate the probe's average distance from the Z-line within that myofibril. Model fitting is optimized by an iterative fitting procedure that minimizes the error between the observed line scan intensities and the modeled intensities, as described previously (36) . Image regions containing adequately stretched sarcomeres were identified based on the presence of Tmod4 or nebulin M1M2M3 doublets and clearly discernable H-zones. All line scans were background-corrected, as described previously (36) . Distances were calculated by converting pixel sizes into micrometer using the magnification factor for each image.
Statistical analysis
Data are presented as the mean + standard error of the mean (SEM) or mean + standard deviation (SD), where appropriate. SigmaStat (Jandel Scientific) and Microsoft Excel were used to generate descriptive statistics. Where appropriate, either an unpaired t-test or ANOVAs followed by post hoc tests was used. Otherwise, regression analyses were applied, and relationships were considered to be significantly different from zero at a significance level of P , 0.05.
